ABSTRACT. In the silkworm (Bombyx mori), tolerance to fluoride and scaleless wings are controlled by the dominant gene Dtf (dominant tolerance to fluoride) and recessive gene nlw (no Lepidoptera wings), respectively, and these genes have been mapped by using simple sequence repeat and sequence tag site markers. Marker-assisted evaluation and selection of silkworms with fluoride tolerance and scaleless wings were used for predicting fluoride resistance and scaleless wings in backcrossed animals. A silkworm strain was bred using this method, and its economic characteristics were found to be similar to those of commercial silkworms. These methods will therefore be useful for silkworm breeding programs and in screening for two or more characteristics of interest for segregating populations.
INTRODUCTION
Silkworms are one of the most economically important insects because of the important role of the silk industry in many developing countries. However, along with economic development, varying degrees of pollution appear in industrial areas. Fluoride is one of the materials in the environment in varying amounts, and it can accumulate in some agricultural products. High concentrations of fluoride are harmful to both humans and animals and cause toxicity such as endemic fluorosis (Li and Cao, 1994) and industrial fluorosis (Czerwinski et al., 1988; Dote et al., 2000) . Fluoride is also harmful to silkworms, and silk production has been seriously affected by fluoride pollution in China .
There is a layer of scales on the surface of the wings of silkworm moths, which is a typical characteristic for lepidopteran adults. Multicolored scales are important in butterfly mimicry, and they are also an important innovation during lepidopteran evolution (Galant et al., 1998) . Diverse butterfly wing patterns are primarily the result of the deposition of colored pigments formed during wing scale maturation (Koch et al., 2000a,b) . Although the colored wings are beautiful, the scales are not good for human health if there are high amounts of them floating in the air, particularly indoors. In silkworm egg production farms, when the moths hatch, there are numerous airborne scales, and they are harmful to the workers.
Although silkworm strains with high tolerance to fluoride or scaleless wings can be bred by conventional breeding techniques, long periods are needed for selecting the desired characteristics, particularly when these are recessive. Fortunately, two mutants, nlw (scaleless wings) and Dtf (dominant tolerance to fluoride), have been discovered in silkworms (Zhang and Qin, 1991; Lin et al., 1996 Lin et al., , 1997 . The allele nlw is recessive, and although there are few scales on the wing its vitality is as good as that of the wild type (Zhang and Qin, 1991) . This mutant has been mapped using simple sequence repeat (SSR) and sequence tag site (STS) markers (Wang et al., 2010) . Dtf controls tolerance to fluoride. The larvae can survive even when they are fed with mulberry leaves treated with 200 mg/kg of NaF solution, but the larvae of highly susceptible silkworm strains will die even at a concentration as low as 50 mg/kg. This gene has also been mapped by using SSR markers (Bai et al., 2008) . DNA molecular markers, including restriction fragment length polymorphisms (Botstein et al., 1980) , random amplified polymorphic DNA (Williams et al., 1990) , amplified fragment length polymorphisms (Vos et al., 1995) , and SSRs (Tautz, 1989) have been used in studying genetic diversity, strain identification, and genetic linkage, and to assist in marker selection in many species. These markers have been studied for use in genetic diversity analysis (Nagaraju et al., 2001; Li et al., 2005; Zhu et al., 2014; Pereira et al., 2013; Tokuda et al., 2014) , mapping mutants and positional cloning (Meng et al., 2009; Wang et al., 2013; Falcão et al., 2014) , and mapping quantitative trait loci (Lu et al., 2004; Zhan et al., 2009; Li et al., 2013) .
Because of the development of molecular biological techniques, marker-assisted selection (MAS) has been widely used in crop and animal breeding (Steele et al., 2006; Yau, 2005; Hou et al., 2013; Kuang et al., 2014) . Hou et al. (2013) reported MAS of silkworm strains not susceptible to desonucleosis virus by using SSR markers. This method is highly efficient and can be used to select more than one characteristic during breeding procedures. Here, we report the use of the MAS methods in selecting silkworm strains with Dtf and nlw characteristics.
MATERIAL AND METHODS

Silkworm strains
The T6 silkworm strain (Dtf/DtfDtf) has high tolerance to fluoride; its larvae can survive with very few effects even when they are fed with mulberry leaves treated with 200 mg/ kg of NaF solution. There are few scales on the wings of the U13 silkworm strain (nlw/nlw) but its vitality is as good as that of the wild type. The Jingsong strain (+ , which is susceptible to fluoride (all of the larvae will die when they are fed mulberry leaves treated with 50 mg/kg of NaF solution) and has wild-type wings, is a productive commercial strain widely used in Chinese sericulture. These strains are maintained at the Sericulture Research Institute, Chinese Academy of Agriculture Sciences.
DNA extraction and PCR
DNA samples were extracted from one-quarter of the body of whole moths, from the whole body of young larvae (1st-4th instar), except the midgut, and from silk glands of unhealthy large larvae (5th instar). The moth/larva bodies (or silk glands) were ground with a mechanical homogenizer in a microcentrifuge tube and suspended in a DNA extraction buffer (50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 20 mM EDTA) containing 150 g/mL proteinase K. After digestion with proteinase K (50°C for 6-8 h), a phenol-chloroform extraction was performed, and the DNA was precipitated out with isopropanol. Purified DNA was dissolved in 0.1X TE buffer (pH 8.0). The DNA concentration was measured by spectrophotometry (BioPhotometer, Eppendorf, USA), and the samples were diluted to a concentration of 10 ng/ mL for use in polymerase chain reaction (PCR) analysis.
The PCRs were performed using an ABI 2720 Cycler (Lifetech, USA). The following PCR conditions were used for the microsatellite loci: 1) 95°C for 3 min, 63°C for 30 s, and 72°C for 45 s, followed by 14 cycles of 94°C for 45 s, then a 14-step touchdown, decreasing by 0.5°C at each step to 56°C (40 s), and 72°C for 1 min, and 3) a final elongation step of 10 min at 72°C. PCR was performed in a final volume of 15 mL containing 10 mM Tris-HCl, pH 8.4, 50 mM KCl, 1.5 mM MgCl 2 , 0.2 mM of each dNTP, 0.2 mM of each primer, 20 ng genomic DNA, 0.5 U Taq polymerase (Takara, China), and distilled deionized water. For STS markers, PCR conditions were as follows: 1) 95°C for 3 min, 2) 35 cycles at 94°C for 40 s, 56°C for 40 s, and 72°C for 1.5 min, and 3) a final elongation step of 10 min at 72°C. The PCR products from SSR markers were diluted to about 0.5 ng (0.01 pM) per sample and were analyzed using an ABI377 DNA sequencer (ABI PRISM, Applied Biosystems, USA) or by 2% agarose gel if the differences of the DNA bands in different parents were sufficiently large to observe. The PCR products of STS markers were tested on 2% agarose gel.
Strategy for MAS
MAS was used to breed a new silkworm strain with scaleless wings and tolerance to fluoride, based on co-dominant SSR/STS markers linked to nlw and Dtf. For the cross-over experiments, a female of the Jingsong strain was crossed with a male of the T6 strain, and then (Jingsong x T6) females were mated to the U13 strain. Jingsong females were then crossed to (Jingsong x T6) x U13 to obtain BC 1 and other backcross (BC) generations (six in total) males in order to evaluate their economic characteristics. In each generation, SSR and STS markers, located on either side of Dtf, S1214 and S121201, (Bai et al., 2008) and nlw, S1305 and cash2p, (Wang et al., 2010) were used to detect the genotype of male moths after they mated with Jingsong females. When backcrossing generations, only the heterozygous individuals from Jingsong and T6 in S1214 and S121201 and Jingsong and U13 in S1305 and cash2p were used. Otherwise, Jingsong-type homozygous animals were discarded. Self-mating within a generation was carried out in the BC 6 generation, and these offspring were fed with 200 mg/kg NaF-polluted mulberry leaves. Scaleless-wing moths with good economic characteristics were selected from the surviving individuals and were self-mated to generate the next generation (BC 6 F 3 ), and molecular markers were used to select the individuals that were homozygous at both the Dtf and nlw sites. Thus, a new silkworm strain with good economic characteristics, high tolerance to fluoride, and scaleless wings was developed.
RESULTS
Genotype of the markers in the MAS populations
In each backcrossed generation, larvae with good health were selected, and the cocoon weight, cocoon shell weight, and other factors were evaluated, and then 24 male moths with highest economic characteristics were selected for backcrossing to Jingsong parents. After crossing, their genotypes were determined with respect to the four co-dominant markers (Table 1) . According to each marker, the ratio of heterozygous and homozygous individuals was approximately 1:1. Approximately four to seven moths were heterozygous for these four markers in each generation (Table 2) , and their offspring were selected as the next generation. In the BC 6 generation, the individuals producing high-quality silk were selected to be selfcrossed, and 4 of 24 pairs were found to be heterozygous. After feeding with NaF pollutedmulberry leaves, the ratio of heterozygous and homozygous (T6 type) for S121201 and S1214 was nearly 2:1, but in scaleless-wing individuals, the cash2p and S1305 both showed nearly total homozygosity as in U13 because only scaleless-wing adults were selected to generate the BC 6 F 3 generation. When the T6 type homozygous for S121201 and S1214 were selected for breeding the next generation, BC 6 F 3 , their offspring were all homozygous, as were the donor parents (T6 and U13). Figure 1 shows the model of the genotypes at the Fl1214 and cash2p locus of 12 male parents for BC 2 ; only the offspring of the three heterozygous individuals were selected for the next generation. Figure 2 shows the genotype of 12 individuals at the Fl1214 locus of BC 6 F 2 individuals surviving after being fed with NaF-polluted-mulberry leaves; only the offspring of both parents that were homozygous as the T6 type were selected for the BC 6 F 3 generation. The ratio of the T6 type to the heterozygous type was consistently found to be 1:2.
Fluoride tolerance and scaleless wings in the populations selected
A total of 12 pairs from the BC 6 generation, which demonstrated good economic characteristics, were mated to produce the BC 6 F 2 generation. All of the BC 6 F 2 individuals were fed with 200 mg/kg NaF-polluted mulberry leaves, and approximately three fourths of the individuals survived. In the surviving individuals, about one fourth had scaleless wings. The moths with scaleless wings and beneficial economic characteristics were selected to breed the BC 6 F 3 generation. The parents of the BC 6 F 3 generation (BC 6 F 2 adults) were detected using S1214 and S121201 markers. Only the batch with both parents having the same homozygosity as T6 was preserved. The BC 6 F 3 population was again fed with NaF-polluted mulberry leaves. All of the individuals survived and had scaleless wings.
Marker symbol F Primer sequence (5'-3') R Primer sequence (5'-3') S121201 AGTTCTTGCTTGTTTCCGTTCT CGCCGTATGTATTTATTCCTCA S1214 AATGGATGCGTGCCAGTTTG CGTTAGTTGCTCTACGCTTTTGG cash2p GTATAACAACTTTGGATTAATTGG GATTGGACTCAGTATATTCG S1305 GCCTTTATTAACGGATGCGGG AATGAGCGATTTAGTGGGCAA 
Economic characteristics of each generation
Using the T6 strain as the donor parent of Dtf and U13 as the donor parent of scaleless wings, the Jingsong strain was used as a recurrent parent to improve the new silkworm strain's economic characteristics, and co-dominant SSR/STS markers were used to ensure that the Dtf and nlw genes would not be lost during backcrossing. As shown in Table 3 , during backcrossing the economic characteristics of the new strain were improved quickly and were similar to those of the parent Jingsong strain, and its larva-pupa survival rate was higher than that of the recurrent parent, Jingsong (Table 3 ). Table 3 . Economic characteristics of the parents and the backcross generations.
Homozygosity in male moths of each backcrossed generation
Two SSR and STS markers that showed polymorphism between Jingsong and T6 or Jingsong and U13 were selected from each linkage group on the SSR (Zhan et al., 2009) and STS linkage maps to detect homozygosity of the backcrossed males throughout the breeding procedure. An average of 7 linkage groups were homozygous for Jingsong in the BC 1 generation, and an average of 18 linkage groups were homozygous for Jingsong in the BC 2 generation. In the BC 3 and BC 4 generations, the number of homozygous linkage groups increased to 22 and 25, respectively. Only one marker in 24 individuals was found to be heterozygous in the BC 6 generation, while the others were all homozygous, except those linked to Dtf and nlw (data not shown).
DISCUSSION
During economic development, air pollution can become a serious problem in some regions. Fluoride is one of the main components in polluted air and is particularly noticeable in autumn. Fluoride is harmful not only to human beings but also to mulberry trees and silkworms. Although air pollution has improved in China, it is still serious in some regions. The Dtf allele controls tolerance to fluoride in silkworms. In our experiments, the Jingsong parent was sensitive to fluoride and its health affected when it was fed 50 mg/kg NaF-treated mulberry leaves, and nearly all of the individuals died if the larvae were fed with 100 mg/kg NaF-treated mulberry leaves. The best way to control reduced silk output is to breed silkworm varieties that have tolerance to fluoride. Wing scales are typical characteristics in lepidopteran insects, but they are harmful for the workers on the silkworm egg production farms. The nlw allele controls the formation of scaleless wings in silkworms, and such a strain produces fewer scales during copulation and egg laying. Using this type of strain will be better for the workers' health.
It is possible to breed commercial silkworm strains that have tolerance to fluoride or scale wings, and such strains have been bred using crossing methods Shen et al., 2011) . To improve economic viability, the larvae of each generation should be fed with fluoride-treated mulberry leaves. It is complicated to make the Dtf gene homozygous . Although it is easy to make the nlw allele homozygous, it is difficult to make sure that it would not be lost during backcrossing. The development time will be significantly extended if heterozygous strains are self-crossed (Shen et al., 2011) . Of course it is very complicated to develop one silkworm strain with two or more concurrent characteristics. Normally, we would introduce one allele of interest to one strain, and after it was fixed, we would introduce the second allele. This method, however, would take a very long time to achieve the goal of one strain with the two desired alleles.
MAS using molecular biology techniques has been widely used in crop breeding and it has also been applied in silkworm breeding. In 2013, we reported breeding a new silkworm strain that was not susceptible to densonucleosis virus by using MAS methods in backcrossing generations . Breeding silkworm strains with two or more characteristics in one breeding plan would be more complicated. In this research, we attempted to breed a silkworm strain with concurrent tolerance to fluoride and with scaleless wings, and we succeeded in breeding this silkworm variety in 4 years by using MAS methods.
Although the Dtf allele could be screened by feeding each generation with fluoridepolluted mulberry leaves, it would be much more labor intensive. In addition, wet leaves are not good for the larvae although the surviving ones show tolerance to fluoride. By using MAS methods, we can focus only on the economic characteristics desired, and the desired allele can be selected by molecular markers later.
In conclusion, we used SSR/STS markers as tools to select two characteristics in one silkworm breeding plan. After successive crossing with two donor parents, a new silkworm strain was bred after six generations of backcrossing, and its economic characteristics were similar to those of its recurrent parent. These results prove that MAS methods are highly efficient in breeding silkworm varieties with two or more desired characteristics.
